For the comparative embryologists of the early 20th century, the segment-like bulges that appear transiently during the early stages of vertebrate hindbrain development were both the object of fascination and the subject of vigorous dispute. Conflicting views were held as to the significance of these 'rhombomeres' to brain development and their more general relevance to head evolution. Whether rhombomeres are inconsequential bumps in the embryonic brain or true segments-iterative or metameric units-has only recently been resolved. A number of studies using more modern techniques (such as immunohistochemistry, in situ hybridisation, axonal tracing, single cell labelling, heterotopic and orthotopic grafting, and the manipulation of gene expression by electroporation) have shown that the hindbrain has a truly metameric cellular organisation. The avian embryo has played a particularly prominent role in such studies by virtue of its large size and accessibility, its amenability to microsurgery, and its well-described anatomy. Furthermore, electrophysiological studies, also on avian embryos, have shown that segmentation of the parent neuroepithelium into rhombomeres plays a crucial part in establishing the functional organization of the hindbrain. Segmentation suggests the early allocation of defined sets of precursor cells and is therefore presumed to allow a specific identity for each successive segment to emerge from a common ground plan. This short review will focus on the contribution the avian embryo has made to our understanding of this fly-like region of the vertebrate brain, in respect of its morphology and neuronal architecture, the cellular and molecular mechanisms involved in establishing and maintaining the segments, and the molecular controls of segmental identity. q
Segmental disposition of neurons
The segmented pattern of the hindbrain begins to emerge in the avian embryo immediately following neural tube closure, when a series of constrictions, the (inter-) rhombomere boundaries, progressively subdivide the length of the hindbrain neural tube. The pattern of rhombomeres is complete at the onset of neurogenesis. Rhombomere boundaries later become colonized by axons ( Fig. 1) , perhaps on account of both the local expression of growthpromoting molecules (Lumsden and Keynes, 1989) and the availability of extracellular space (Heyman et al., 1993) . Segmentation of the hindbrain bears a superficial resemblance to segmentation of the Drosophila embryo in that rhombomeres form by subdivision, rather than by budding from a growth zone as for the somites, and they have a pairwise organization. The majority of vertebrates, including avians, have seven clearly defined rhombomeres, the caudal-most of which lies alongside the first somite. Between the overtly segmented hindbrain and the unsegmented spinal cord is a territory that is intermediate in character. This part of the future medulla oblongata, identified as 'r8' (Lumsden and Keynes, 1989) , lies alongside somites 2 -5 and has been described as 'pseudorhombomeric' (Cambronero and Puelles, 2000) .
Neurogenesis in the hindbrain is characterized by the production of a comparatively small number of cell types belonging to well-defined categories. In the dorsal (later lateral) region, derived from the alar neural plate, are secondorder sensory interneurons and relay neurons, whereas ventral (later medial) regions, developing from the basal neural plate, contain both interneurons and motor neurons. Alongside the hindbrain is a series of cranial sensory ganglia of combined neural crest and placodal origin. These are associated with the peripheral paths of motor nerves that innervate the subjacent branchial arches. The nuclei of these branchiomotor cranial nerves develop and remain in the basal plate, but their axons leave the hindbrain through specialized conduits in the alar plate that also serve as entry points for sensory axons. The ventral hindbrain also contains somatic motor neurons whose axons exit ventrally to innervate the intrinsic tongue muscles and extrinsic ocular muscles. In addition to the sensory and motor elements, the hindbrain contains numerous types of projection interneuron, including those of the reticular formation.
Two patterns of metameric cellular organization can be distinguished in the embryonic avian hindbrain (Fig. 2) . First, there is a repeat pattern through every segment that involves eight identified types of projection interneuron, the formation of which endows each sequential rhombomere with a more or less complete set (Clarke and Lumsden, 1993) . Second, there is a two-segment repeat pattern through alternate rhombomeres that involves the branchiomotor neurons. These first appear in the even-numbered rhombomeres, r2 (trigeminal), r4 (facial) and r6 (glossopharyngeal), the same rhombomeres that contain the respective nerve exit points in the alar plate. Thereafter, further neurons are formed in the intervening odd-numbered rhombomeres, each in association with the cluster of motor neurons in the anteriorly adjacent rhombomere (Lumsden and Keynes, 1989) . Closely similar neuronal patterns have been described for both zebrafish (Kimmel et al., 1988; Moens and Prince, 2002; Chandrasekhar, 2004) and mouse (Cordes, 2001) . Later in development, the segmental origins of both interneurons and motor neurons become obscured as certain interneuron types become more numerous in particular rhombomeres, and the motor nuclei condense and migrate to form longitudinal columns aligned at specific dorsoventral positions. The rhombomeric origins of the sensory and motor longitudinal columns have been traced into late embryonic stages in quail/chick chimaeras (Marin and Puelles, 1995) .
Each rhombomere can also be considered to have an individual identity as, amongst other unique characteristics, its component neurons display rhombomere-specific axon navigation behaviour with respect to the specific synaptic targets. Notable rhombomere-specific cell populations include the Mauthner cells of lower vertebrates (Kimmel et al., 1988 ) and a group of contralaterally migrating efferent neurons that innervate the hair cells of the inner ear of chick (Simon and Lumsden, 1993) , both of which develop exclusively in r4. Rhombomere 1 is distinct in respect of its lack of branchial motor neurons and being the precursor Fig. 1 . On the left is shown the hindbrain of a live chick embryo at three days of incubation. The roof plate has been removed to show the segmented morphology of the neural epithelium, extending from the r1/r2 boundary (upper arrow) to the r6/r7 boundary (lower arrow). On the right is a specimen of similar developmental stage that has been whole mount stained with an antibody to the 68 kD neurofilament subunit. The rhombomere boundaries are colonized by young axons growing along the transverse axis. Some of these turn orthogonally into the medial longitudinal fascicle that runs alongside the midline floor plate; others are in the process of crossing into the contralateral side of the hindbrain.
region for the cerebellum. The dorsolateral margins of r1 (the anterior rhombic lips) contribute a large migratory cell population that forms the external germinal layer and later the internal granule cell layer of the cerebellum (Wingate and Hatten, 1999) .
Although the overt segmented morphology of the hindbrain and segmental disposition of neurons are briefly transient, the early repeat pattern persists at the functional level. In both chick and mouse, neuronal rhythm generators have been identified that conform to the alternate rhombomere pattern. By isolating rhombomeres from their neighbours in ovo, inter-rhombomere interactions have been identified that allow the formation (or deletion) of a specific GABAergic rhythm-promoting module in the even-numbered rhombomeres (Fortin et al., 1999; Chatonnet et al., 2002) . The early segmental organization of the hindbrain appears crucially to underlie a modular organization of the rhythmogenic network that, in turn, influences the later function of brainstem respiratory control. The twosegment repeat pattern of the early hindbrain thus generates a close anatomical and functional correspondence between motor neuronal populations within the brain and their target structures in the segmented series of branchial arches that lies directly ventral to it.
Although not obvious from adult anatomy, where the predominant disposition of sensory and motor nuclei is in longitudinal columns, segmentation is crucially involved in specifying the pattern of developing structures in the hindbrain region. It is therefore of considerable importance to understand how rhombomeres are formed, how they acquire their early even/odd alternation and how their individual identity is conferred.
Compartment-like properties of rhombomeres
Developmental compartments provide a way of segregating blocks of cells with distinct properties (Garcia-Bellido, 1975; Lawrence and Struhl, 1996) . The containment of polyclonal assemblages of neuroepithelial cells within rhombomeres has been shown by cell lineage tracing studies in chick (Fraser et al., 1990) . Here, individual cells marked in ovo with an intracellular vital dye multiplied to form cell clones over the ensuing one or two days development, the distribution of which could be mapped in relation to the forming rhombomere boundaries. Although able to disperse freely within a particular rhombomere and mix with unlabelled cells, the clonally marked neuroepithelial cells did not move from one rhombomere to another (Fig. 3 ). This compartmental restriction of cell mingling begins at the time rhombomeres become delineated by their boundaries and persists while the epithelium is predominantly germinative; later, young neurons may escape the restriction (Birgbauer and Fraser, 1994) once they have acquired their ultimate positional specification. Rhombomeric domains of the ventricular zone remain lineage-restricted up to late stages, when neurogenesis is nearing completion (Wingate and Lumsden, 1996) .
One possible means of restricting cells to their rhombomere of origin would be the inter-rhombomere boundary itself, acting a mechanical barrier to cell dispersal. Newly formed boundaries are distinguished by having enlarged intercellular spaces, suggestive of de-adhesion, similar to those that form in the segmenting mesoderm just ahead of somite formation. Later, boundaries manifest their distinctiveness from both odd and even rhombomeres by the expression of specific molecular markers, the early formation of radial glia and the precocious development of Fig. 2 . Diagrammatic representation of the neuronal types characteristic of the early avian hindbrain. On the left side are shown six types of projection interneuron, each of which is distinguished by its position on the transverse axis, the descending or ascending trajectory of its axon, and whether it crosses the midline or stays ipsilateral. On the right side are shown the branchiomotor neurons (of cranial nerves V, VII and IX, orange), somatic motor neurons (cranial nerves IV and VI, yellow) and the contralaterally migrating efferent neurons of the vestibuloacoustic system (cranial nerve VIII, red). The axons of branchiomotor neurons grow transversely within the neuroepithelium before exiting the hindbrain at focal exit points in the alar plate of rhombomeres 2, 4 and 6.
an axon-rich marginal zone-any or all of which could contribute to a mechanical barrier function.
However, in boundary extirpation experiments, where the gap formed by removing boundary cells quickly fills in, no mixing between adjacent rhombomeres was detected even while boundary properties have yet to regenerate (Guthrie and Lumsden, 1991) . Thus, the boundaries between rhombomeres are unlikely to constitute the sole barrier to cell dispersal, at least during early stages. Rather, boundaries are generated wherever odd and even cells are experimentally juxtaposed (Guthrie et al., 1993) , suggesting that rhombomere boundaries are a consequence rather than a cause of compartition; thus, while they may contribute to cell lineage restriction, they are unlikely to be the primary means of segregation. Consistent with this, treatment of the segmentation stage hindbrain with retinoic acid leads to the loss of rhombomere boundaries, by both morphology and molecular markers, but with no release of cells from their rhombomere of origin and no obvious alteration to the segmental pattern of motor nuclei (Nittenberg et al., 1997) .
Differences in cell state between neighbouring populations-odd-numbered rhombomeres, which share particular molecular and cellular characteristics, alternate with even-numbered rhombomeres, which share a different set of characteristics-may be responsible for forming a third cell state at their mutual interface, that of the cells within the narrow boundary region itself. Interaction between odd and even cells might also be the primary mechanism of lineage restriction, where the different cell states would include differences in cell affinity or adhesivity. That such a differential affinity does indeed exist has been indicated by in vitro cell aggregation studies. Here, dissociated cells pooled from individual rhombomeres were labelled with fluorescent dye and mixed together in various combinations: the cells suspensions were then aggregated by vortexing and cultured for a sufficient time to allow cell sorting. When two odd or two even populations were mixed together they remained intermixed, but when odd and even cells were mixed, they segregated away from one another forming discrete patches and stripes in the whole aggregates (Wizenmann and Lumsden, 1997) . Although cell-sorting behaviour in vitro is not the same as non-mixing in vivo, it does indicate the existence of differential affinity between odd and even cells, which could thus be considered a candidate mechanism for lineage restriction. Furthermore, the earliest manifestation of rhombomere boundaries, enlarged extracellular space, is consistent with an expected tendency of neighbouring cell groups to de-adhere (Heyman et al., 1993) .
Candidate effectors of differential affinity between odd and even rhombomeres include members of a family of receptor tyrosine kinases, the Ephs, and their membranebound ligands, the ephrins. These are expressed during rhombomere formation in complementary domains-the receptors (EphA4, EphB2 and EphB3) being expressed in odd rhombomeres r3 and r5, and the ligands (ephrin-B1, -B2 and -B3) being expressed in the even rhombomeres, r2, r4 and r6 (Xu et al., 2000) . Experiments that manipulated ephrin expression in the retinotectal system had shown that Eph/ephrin interaction led to growth cone collapse and retraction (O'Leary and Wilkinson, 1999) . Thus, it could be imagined that interaction between receptor-bearing cells and ligand-bearing cells, which would occur only at the boundaries of their expression domains, could cause mutual repulsion or de-adhesion, thereby preventing intermingling of odd and even cells. This was borne out by experiments in which an ephrin ligand was ectopically expressed in mosaic fashion throughout the hindbrain of zebrafish embryos; expressing cells in even rhombomeres remained scattered but those in odd rhombomeres segregated out from their non-expressing neighbours and moved to the boundaries, leaving few if any cells in the odd rhombomere bodies (Xu et al., 1999) . Assuming an evenly scattered starting point, some cells must move at least half a rhombomere length to reach a boundary. This would endow the system with a greater potential for cell sorting than is actually required in normal development, where Eph and ephrin expression begins in alternate, fuzzy-edged stripes (Irving et al., 1996) . But it shows that Eph/ephrin interaction would easily suffice to segregate cells into rhombomeres, sharpening the boundaries as well as maintaining them. Eph/ephrin interaction may also provide a potential mechanism by which cells in adjacent rhombomeres interact with each other to establish additional cell states at the inter-rhombomere boundaries. How activation of the Eph/ephrin system is linked to deadhesion remains an open question, although it is known that both receptor and ligand bind cytoplasmic PDZ domain proteins, and PDZ-mediated interactions are implicated in the formation of junctional complexes (Schmucker and Zipursky, 2001) .
Upstream control of Eph and ephrin expression would be exerted from transcription factors that share their twosegment repeat expression pattern. The zinc finger gene Krox20 is expressed in two stripes in the neural plate that become r3 and r5 (Wilkinson et al., 1989a) , and its protein product directly regulates expression of EphA4 (Theil et al., 1998) . Initially, the expression of Krox20, as for EphA4, is in fuzzy domains that sharpen at the same time as cell movement between presumptive rhombomeres becomes restricted (Irving et al., 1996) . In Krox20 null mutant mice, r3 and r5 are deleted and a partially fused r2/r4/r6 territory develops-a phenotype consistent with Krox20 being responsible for generating single-compartment periodicity from cues established by upstream genes (SchneiderMaunoury et al., 1997) . Ectopic overexpression of Krox20 by electroporation in chick can confer odd rhombomere character on r2, r4 and r6, showing that this gene is likely to be a major determinant of odd identity in hindbrain segmental alternation (Giudicelli et al., 2001) . Candidate regulators of even identity, and ephrin-B expression, have yet to be characterized.
Mafb, a member of the bZip leucine zipper gene family is one of the earliest genes to be expressed in the hindbrain in a regionally restricted domain-presumptive r5 and r6 (Eichmann et al., 1997; Manzanares et al., 1999a,b) . Loss of Mafb expression in the mouse kreisler mutant yields a segmentation phenotype in which r5 and r6 are undetectable and the neural tube is unsegmented posterior to the r3/r4 boundary (McKay et al., 1994; Giudicelli et al., 2003) . Mafb is also known to be a direct transcriptional activator of Hoxa3 and Hoxb3 (Manzanares et al., 1999a,b) and repressor of Hoxb1 (Giudicelli et al., 2003) in r5 and r6, suggesting involvement in the control of rhombomere identity as well as in segmentation. Krox20 is expressed in r3 but is not expressed in the unsegmented region. Recent studies in zebrafish have identified a homeobox gene, vhnf1, which activates both Mafb and Krox20 in r5 and r6, while also repressing Hoxb1 in this domain (Wiellette and Sive, 2003) .
The small number of known or candidate segmentation genes remains a major gap in our understanding of hindbrain segmentation. Despite the conserved role of Hox genes in specifying segmental identity in both flies and vertebrates, the earlier process of segment formation appears not to be conserved. However, segmentation is a generic property of metazoan organization that has evolved many times, making it likely that Hox genes have been coupled independently to segmentation-in flies, the coupling is via pair rule and segment polarity genes, whereas in vertebrates, the mechanism of coupling is not understood, although Mafb and Krox20 are both clearly involved.
Hox genes and rhombomere identity
The emergence of regional pattern along the anteroposterior (AP) axis depends on the expression of positionspecifying genes. The hindbrain provides us with an excellent example of how position is encoded in the neuroepithelium, through the use of Hox genes, a set of chromosomally clustered genes whose close relatives have long been known to specify positional values along the main body axis of the fly embryo. Hox gene expression underlies the acquisition of positional value by individual rhombomeres and hence determines their identity.
Hox expression precedes rhombomere formation but becomes progressively sharpened such that the borders of expression domains coincide with the emerging rhombomere boundaries. In the fully segmented hindbrain, genes situated 3 0 in the genomic Hox clusters are expressed in an ordered and nested set of domains along the AP axis of the hindbrain, with a two-rhombomere periodicity (Wilkinson et al., 1989b) . Superimposed on this pattern are rhombomere-specific variations in expression levels. In addition to the conservation of individual sequence and chromosomal organization between the Hox clusters of fly and vertebrate, there is a striking correspondence of the expression domains of the homologous genes between their respective central nervous systems (Hirth et al., 1998) .
Considering the distribution of transcripts and the general synergy between Hox genes detected in mouse null mutants, it is possible that the identity of individual rhombomeres could be defined by the cooperative action of Hox proteins (Krumlauf, 1994) . They may also have singular influences on rhombomere phenotype, as has been well documented for Hoxb1, a gene which is uniquely expressed at high level in r4. Targetted mutation of Hoxb1 in mice leads to the transformation of r4 to an r2-like identity , whereas ectopic expression of Hoxb1 in chick embryos, by means of a retroviral vector, leads to the opposite transformation (Bell et al., 1999) . These transformations have been documented in the behaviour of motor neurons (Fig. 4) : in mouse embryos that lack functional Hoxb1 protein, the facial motor neurons fail to undertake their normal caudal migration from r4 into r6, and the contralateral migration of vestibuloacoustic efferent neurons developing in r4 also fails. Instead, both types of motor neuron migrate dorsolaterally, in the manner of r2 trigeminal motor neurons. Conversely, the ectopic expression of Hoxb1 in the basal plate of chick r2 causes the motor axons leaving the hindbrain by way of the r2 exit point to ignore their normal target, the first branchial arch, and instead turn sharply caudal and grow into the second branchial arch. Both gain and loss of Hoxb1 function result in transformations that can be properly described as homeotic, in that one member of the meristic series adopts the likeness of another member of the series. However, it should be noted that, through the dearth of markers for specific cell types and their regional variants, we are as yet unable to characterize completely the properties and peculiarities of individual rhombomeres and therefore cannot assess how complete the transformations are. However, it is evident that Hoxb1 is responsible for regulating, directly or indirectly, effector molecules involved in neuronal migration and axon guidance that are restricted to, or differentially expressed in, r4.
The results of losing the function of other Hox genes on hindbrain development are less clear-cut. Loss of Hoxa1 function, for example, results in the deletion of r5, reduction of r4 and loss of specific neuronal nuclei (Mark et al., 1993) , abnormalities that are not obviously consistent with the gene being responsible for conferring specific identity on an existing repetitive ground plan; it is thus likely that Hox genes could have dual roles, both in segmentation and segment identification (Gavalas et al., 1998) .
Although it is most likely that positional value is conferred on rhombomeres by Hox gene expression, it is unclear how the Hox genes themselves become activated at appropriate levels of the neuraxis. Extensive cross-regulation between the various Hox genes is certainly involved and regulators upstream of the Hox genes include Mafb and Krox20 which, in addition to controlling segmentation of the neuroepithelium act in a parallel but related process to regulate the Hox genes. Thus, Mafb directly modulates expression of paralogue group 3 Hox genes in r5 (Manzanares et al., 1999a,b) , and Krox20 is a direct activator of both Hoxa2 and Hoxb2 (Sham et al., 1993; Nonchev et al., 1996) and a repressor of Hoxb1 (Giudicelli et al., 2001) . Fig. 4 . Effects on motor neurons of experimental manipulation of Hoxb1 function in mouse (left) and chick (right). In wild type and Hoxb1 heterozygous null mice, motor neurons (green) arise in r4, the domain of Hoxb1 expression (blue), and then migrate caudally (branchiomotor neurons of the VIIth cranial nerve) or across the floor plate (contralateral vestibuloacoustic neurons). In the homozygous null animal, motor neurons develop in r4 but fail to acquire the specific identity of these motor neurons, instead they migrate laterally, like those in r2. When Hoxb1 is overexpressed in the basal r2 of chick embryos, motor neurons extend their axons via a novel pathway to the second branchial arch, suggesting that their identity has changed from trigeminal (mV) to facial (mVII) although this is only seen in their pathfinding specificity. Axonal pathways have been traced by retrograde dye injection from the arch. Data from Studer et al. (1996) ; Bell et al. (1999) .
Role of retinoids in Hox gene regulation and hindbrain patterning
In addition to these candidate genetic regulators of specific subsets of Hox gene expression, there is also evidence that retinoids act as overall regulators of nested Hox expression, consistent with their global posteriorizing effect on CNS regionalization. In this context, retinoic acid (RA) may act as a morphogen conferring positional information on cells at different AP levels of the hindbrain by differentially regulating Hox gene expression.
RA is a biologically active derivative of Vitamin A, a deficiency or excess of which causes defects that are particularly severe in the hindbrain and branchial arch region. Excess RA causes a dose-dependent anterior-toposterior transformation of cell fate, in which the hindbrain is expanded at the expense of the mid-and forebrain. The change in regional fate is associated with altered Hox gene expression followed by the ordered transformation of anterior rhombomere cell types to those of a more posterior type, suggesting that a retinoid signal normally regulates the pattern of Hox expression (Marshall et al., 1992) . RA exerts its effects via multiple types of RA receptors, liganddependent transcription factors that bind to RA response elements in the promoters of target genes, including the Hox genes (Mangelsdorf and Evans 1995; Marshall et al., 1996) .
In the early embryo, RA is produced by the mesoderm alongside the caudal hindbrain (prospective r7 and r8) and spinal cord, through the activity of an enzyme, Raldh2. Expressed in the mesenchyme beneath the presumptive rostral hindbrain and midbrain is an RA-degradative enzyme, Cyp26C1 (Reijntjes et al., 2004) , suggesting the appealing possibility that Raldh2 and Cyp26C1 could act as source and sink, respectively, thereby contributing a gradient of RA that traverses the AP axis of the hindbrain and could be responsible, at least in part, for the expression of 3 0 Hox genes in a nested array that reflects the differential sensitivity of the individual genes to induction by RA-3 0 genes respond more rapidly and at a lower RA concentration than more 5 0 genes (Papalopulu et al., 1991) . Consistent with this, and showing a normal requirement for retinoid signalling in hindbrain patterning, targeted mutation of Raldh2 in mice (Niederreither et al., 2000) and treatment of chick embryos with an antagonist that specifically blocks all RA receptors (Dupe and Lumsden, 2001 ) both cause anteriorization of the hindbrain: posterior Hox genes are not expressed and anterior Hox genes are expressed only in the caudal-most hindbrain. In the absence of retinoid signalling, the r5 stripe of Krox20 also disappears (Dupe and Lumsden, 2001) .
Retinoids are thus involved importantly in the early stages of hindbrain patterning, in conferring posterior positional identity on the hindbrain, directing successively more 5 0 Hox genes to successively more posterior positions, and possibly also in regulating the expression of segmentation genes such as Krox20.
Conclusions
Much as in the Drosophila larva, whose imaginal discs first revealed the existence of developmental compartments, the rhombomeres of the vertebrate hindbrain are cell lineage restricted units -once the region is subdivided by transverse inter-rhombomere boundaries, proliferating cells are confined within the territory of a single rhombomere. Cells are free to intermingle within a rhombomere, but they do not mix with their neighbours. Although the precise function of a compartmental organisation in the hindbrain remains speculative, it can be reasoned that rhombomere formation allows mitotic precursor cells to be set aside in defined sets while each undergoes positional specification by segment identity genes, such as those of the Hox family. The delineation of precise boundaries to both the cellular assembly and the realm of selector gene action might ensure that the individual rhombomere is endowed with an equally crisp identity, distinct from its neighbour. This notion has never been directly tested, nor is it even satisfying in view of the indisputable fact that other brain regions achieve equally sharp patterning without obvious recourse to segmentation. But there are peculiarities of hindbrain development, such as its close anatomical and physiological relationship to the metameric series of branchial arches lying beneath it, that suggest additional, phylogenetic significance to rhombomeres.
